Luminance contrast and spatial frequency have a strong eVect on when saccades are initiated. In this study, we ask to what extent the internal contrast response determines where saccades are directed to. Observers signalled, with a manual button press, which of two patterns was of higher (Experiment 1) or lower (Experiment 2) contrast. Even though the visual stimuli were identical in both experiments, the pattern of Wrst Wxated items was very diVerent. Saccade target selection largely reXected the task instructions, suggesting that luminance contrast can be used to rapidly and eVectively guide the eyes to task-relevant information.
Introduction
The sensitivity of the visual system to luminance contrast varies with spatial frequency (Campbell & Robson, 1968) . Above threshold the perception of contrast is veridical, and independent of spatial frequency (Georgeson & Sullivan, 1975) . Nevertheless, manual reaction times increase with spatial frequency when the stimuli are presented at the same suprathreshold contrast (Breitmeyer, 1975; Vassilev, Mihaylova, & Bonnet, 2002) , and when their detectability is equated (Gish, Shulman, Sheehy, & Leibowitz, 1986 ). These eVects of spatial frequency on reaction time have often been related to the hypothesis that the spatial frequencies within the input image are processed from low to high (Watt, 1987) .
In a recent study, we showed that the latency of saccades to peripherally presented Gabor patches depends on both contrast and spatial frequency (Ludwig, Gilchrist, & McSorley, 2004) . Latency decreased smoothly as a function of contrast, but increased with spatial frequency at any given physical contrast level. It appears that an increase in spatial frequency reduces the eVective contrast in the stimulus, resulting in longer latencies (Vassilev et al., 2002) .
This work suggests that the magnitude of the internal contrast response is one factor that determines when a saccadic eye movement is initiated. In this study we begin to ask to what extent the internal contrast response determines where the observer looks. Observers were presented with a low and high spatial frequency Gabor patch, and had to indicate with a manual response which of the two patches was of higher (Experiment 1) or lower (Experiment 2) contrast. They were free to move their eyes, and we examined which of the two items was Wxated Wrst. In both experiments, the visual stimuli presented to the observers were identical; only the task instructions diVered. Thus, if saccade target selection was entirely driven by the stimulus, it should be similar in both experiments (see classic demonstrations of Yarbus (1967) for a similar logic).
Within each experiment saccade latency was experimentally varied by manipulating the presence of the central Wxation point (Saslow, 1967) . Observers are faster to move their eyes if the Wxation point disappears shortly before display onset (gap condition), compared to when the Wxation point is visible throughout the trial (overlap condition). We included the gap/overlap to manipulate response time directly and so examine the eVect of temporal factors on the internal contrast response eVects. For instance, the response to low spatial frequencies is larger than that to high spatial frequencies early in time (Georgeson, 1987; Kitterle & Corwin, 1979) . Therefore, one might expect short latency saccades to be directed to the low spatial frequency item more frequently. As for task related signals, there is some evidence that top-down inputs take more time to evolve and therefore may only become apparent when the saccade latency is suYciently long (Ludwig & Gilchrist, 2003; Theeuwes, Atchley, & Kramer, 2000) . In this paper, we consider a saccade to be driven by the task demands if the observer Wrst looks at whichever pattern is most consistent with the required perceptual response (as indicated manually). One could argue that both patterns in the display are task-relevant, and a saccade to either of them may contribute to perceptual task performance. Our more narrow deWnition is necessary in order to derive a quantitative estimate of the extent to which luminance contrast can be used for the topdown guidance of the eyes (see below). As such, this estimate can be regarded as a lower bound.
We speciWcally address the following questions: (i) to what extent is the pattern of saccade target selection determined by the magnitude of the internal contrast response or the task demands? (ii) are the relative contributions of the contrast response and task demands modulated by saccade latency? (iii) are short latency saccadic eye movements systematically biased towards low spatial frequencies?
Methods

Observers
Fourteen naïve observers (age range 18-34) with normal or correctedto-normal vision were tested (7 in each experiment). In Experiment 2 one observer only generated a saccade on 5 trials, which precluded any further analyses of his eye movement patterns. Each observer took part in two 1-h sessions on diVerent days. A session consisted of 4 blocks of 112 trials. Thus, each observer performed 896 trials. The Wrst block was considered practice, and was not included in the analyses.
Stimuli and equipment
Stimuli were generated using a VSG 2/3 graphics card (Cambridge Research Systems Ltd.), and presented on a 21Љ gamma corrected monitor (Eizo FlexScan T965) running at 80 Hz with a 1024 £ 770 pixel resolution. On each trial, two Gabor patches appeared at an eccentricity of 6°, arranged at either end of one of the major oblique meridians. The reference stimulus was presented at an angle of 45°, 135°, 225°, or 315° (with 0 degrees corresponding to the horizontal right). The test stimulus was always presented in the diametrically opposite location. All diVerent combinations of reference location and test pattern contrast were randomly intermixed within a block of trials. On half the trials the central Wxation (a 0.3°£ 0.3° black cross) point disappeared 200 ms before display onset; on the remaining trials it was visible throughout the trial.
Eye movements were monitored with an EyeLink II eye tracker (SR Research Ltd.). This infrared tracking system samples eye position at 500 Hz with a spatial accuracy of »0.3°. Saccades were detected using velocity and acceleration criteria of 30 deg/s and 8000 deg/s 2 respectively. The eye movement data were analysed oV-line. We only report the results from analyses of the Wrst eye movement after display onset, provided that this movement was clearly directed to one of the two items (as deWned below). Trials were excluded when (i) gaze deviated more than 1° from the display center at the time of target presentation, (ii) the eye movement was anticipatory or occurred after the patches had disappeared (latency outside the range of 80-600 ms), (iii) the amplitude was outside the range of 3°-9°, or (iv) the saccade landed in an empty quadrant.
Procedure
Each block started with a (nine point grid) calibration of the eye tracker. A trial began with the presentation of the central Wxation cross. When the observer Wxated this point, the experimenter initiated a random foreperiod of 200-1000 ms. The central Wxation point then either disappeared (gap condition) or remained visible (overlap condition). After 200 ms the reference and test stimuli were presented. From this point onward the observer was free to look anywhere in the display. The stimuli were presented for 600 ms to give observers enough time to Wxate each pattern at least once. During the subsequent 1000 ms the display was blank, and the observer had to indicate his/her response by pressing one of four buttons, corresponding to the location of the patch that was of either higher (Experiment 1) or lower contrast (Experiment 2).
Results
Across both experiments, 64-92% (range across observers) of the gap trials and 42-88% of the overlap trials were included in the analyses because the Wrst saccade was classiWed as having landed on either the test or the reference pattern. Such saccades were generated more frequently in the gap condition compared to the overlap condition [p < .01, Wilcoxon signed rank test].
In both experiments, the gap strongly reduced the average saccade latency. The mean latencies in Experiment 1 were 260 and 302 ms in the gap and overlap conditions, respectively. In Experiment 2 the means were 273 and 303 ms. In a mixed design ANOVA with gap and task as factors, the eVect of the gap on the mean saccade latency was highly signiWcant [F (1, 11) D 74.8, p < .001]. There was no main eVect of task nor an interaction between this factor and the gap. Fig. 1 shows the average proportion of saccades directed to the high spatial frequency test pattern, as a function of its contrast. We will refer to these functions as 'oculometric' functions. The solid lines in each panel are the best Wts of a model that will be explained in detail below. Several features are noteworthy.
First, the probability of looking at the test pattern increased as a function of its contrast in Experiment 1, but decreased in Experiment 2. Because the visual stimuli were identical in both experiments, this change in slope reXects a contribution from the task instructions. If the pattern of saccadic choice was entirely determined by the internal contrast responses triggered by the stimulus, both functions should have had a positive slope and should have been identical. This clearly is not the case. This Wnding does not just hold at the population level: probit Wts of each individual observer's oculometric function showed a positive slope for every observer in Experiment 1, and a negative slope for every observer in Experiment 2. These individual slope values are illustrated in Fig. 2 . The two distributions are reliably diVerent [p < .01, Mann-Whitney test].
Second, the change in slope with task instructions appears to be independent of saccade latency. That is, the task instructions appear to exert a similar inXuence, regardless of whether saccade latencies were on average shorter (in the gap condition) or longer (in the overlap condition). We might have expected task demands to take longer to be incorporated in the oculomotor decision process (Ludwig & Gilchrist, 2003) . In that case, particularly in the context of Experiment 2, the slopes of the oculometric functions should have been diVerent in the gap and overlap conditions. In Wtting the individual observers' probit functions we constrained the slope to be the same for the gap and overlap conditions, but allowed the intercept to vary. This allowed us to test whether the two functions for each observer were parallel. For none of the observers across the two experiments was the deviation from parallelism signiWcant [all ps > .05, 2 test], suggesting that a single slope for the two conditions eVectively described the data.
Third, in neither experiment did the reduction in latency caused by the Wxation oV-set result in a larger bias towards one or the other patch. We expected shorter latency saccades to show a stronger bias towards the low spatial frequency pattern. Such a bias would have displaced the data points in the overlap condition upwards, but no such shift is apparent in either experiment (See Fig. 1 ). To statistically test this we examined the intercepts of the individual probit Wts between the two Wxation point conditions. These intercepts were not reliably diVerent in either experiment [both ps > .60, Wilcoxon signed rank test]. Another test of this issue, at the level of individual observers, is to pool over the various contrast levels and test whether the frequency of saccades to the 2 c/deg patch relative to the 8 c/deg stimulus depended on the presence or absence of the Wxation point. One observer in Experiment 1 did indeed saccade more frequently to the 2 c/deg pattern in the gap condition . The results were very similar for Experiment 2, in which none of the observers showed a diVerence in the relative frequencies between the two Wxation point conditions (all ps > .12).
The experiment was designed to give observers the opportunity to Wxate both patterns over the course of a trial. An important question is whether observers took this opportunity. To address this issue, trials were grouped according to whether only one patch was Wxated or both (1-patch versus 2-patch trials). Note that this classiWcation is, to some extent, independent of the number of saccades executed. An observer can make two saccades on one trial, and the second saccade can land either around the same patch or near the other patch (or elsewhere in the display for that matter). When observers Wxated the second pattern, the average "arrival time" of the eyes was 505 ms (and not signiWcantly diVerent between the two experiments). Thus, given an exposure duration of 600 ms, observers had, on average, almost 100 ms left for foveal processing of the second pattern. Fig. 2 and the analyses reported so far imply that the pattern of oculomotor choice behaviour shown in Fig. 1 is representative of the performance of individual observers. In addition, all the analyses indicate that as far as saccade target selection was concerned, there was no diVerence between the short and long latency movements. As such, we sought to estimate the relative contributions of the internal contrast response and the task instructions to the saccadic behaviour observed at the population level. To derive such an estimate we used a simple additive model to describe the observed oculometric functions. The components of this model are illustrated in Fig. 3 . First, if performance had been entirely driven by the magnitude of the internal contrast responses, it should have been the same in both experiments. More speciWcally, we would have observed a monotonically increasing oculometric function (top panel). The observer would look at whichever of the two patches triggered the stronger internal response, and with increasing contrast it becomes more likely that this would be the high spatial frequency test pattern. Second, if performance had been entirely determined by the task instructions, diVerences in the oculometric functions should have been observed. When the task is to indicate the higher contrast patch, the saccadic system can faithfully follow the internal contrast response. However, when the task is to indicate the lower contrast patch, the eye movement system essentially has to behave in an opposite manner to the internal contrast response. If observers were perfectly capable of doing this, the oculometric functions of the two experiments should have been mirror images (middle panel). Finally, it is possible that the saccadic responses were not dependent on the stimulus at all, in which case the oculometric functions should have been Xat in both experiments (bottom panel).
Clearly, the oculometric functions illustrated in Fig. 1 do not completely match the patterns illustrated in any of the three panels of Fig. 3 . However, we can account for the observed behaviour by assuming a weighted mixture of these three components. Formally, the functions of Fig. 1 are described by P(c; , , w i , w t ) D w i P i (c) + w t P t (c) + w n P n . In this weighted sum c refers to the test contrast; w i , w t , and w n can be regarded as regression weights associated with the internal response, task instructions, and stimulusindependent factors respectively. P i (c) describes the oculometric function if the saccades were entirely driven by the magnitude of the internal contrast responses. This function was formalised as a cumulative Gaussian with a and as parameters. The oculometric function for eye movements that are completely in accordance with the required perceptual judgement is denoted by P t (c). In Experiment 1 P t (c) D P i (c); in Experiment 2 P t (c) D 1 ¡ P i (c). P n describes the oculometric function for eye movements that are not guided by the visual information at all. In this case, the probability of Wxating the test pattern is independent of contrast, and remains constant at 0.5.
Because the three weight parameters add to unity, there are 4 free parameters associated with the model. The solid lines in Fig. 1 are the maximum likelihood Wts of this model collapsed across the gap and overlap manipulation. Note that the four parameters are used to specify both curves: there are 14 data points to be captured by the model. The model describes the observed data very well. The mean and standard deviation of the underlying cumulative Gaussian function are 0.38 and 0.38, respectively. Of more critical inter- est are the values of the weight parameters: 0.24, 0.64, and 0.12 for w i , w t , and w n , respectively. Thus, the contribution of the task demands is estimated to be 2-3 times larger than that of the internal contrast response. The estimate of this ratio is largely independent from the parameters chosen for the cumulative Gaussian. We explored the consequences of a variety of values for and , and in each instance the contribution of the task demands had to be much larger than that of the contrast response to approximate the data.
Given the large contribution of the task instructions to the Wrst saccade landing position, it should come as no surprise that the target of the Wrst eye movement was correlated with the perceptual judgement. The average nominal correlation ( coeYcient) across observers was 0.37. In order to gain insight in the functional contribution of diVerent eye movement strategies, we examined how the strength of this relation depended on whether the observer Wxated one or both patterns. In both experiments, we found a consistently positive correlation between saccade landing position and manual response for 1-patch trials (mean D 0.56). For 2-patch trials this correlation was very close to 0 (mean D ¡0.03).
In both experiments the correlation was positive and reliably larger for the 1-patch trials than for the 2-patch trials (p < .05, Wilcoxon test). In this sense, the Wrst saccade was much more goal-driven when only one pattern was Wxated.
Discussion
We examined the pattern of saccade target selection in a contrast discrimination task under diVerent task instructions and timing conditions. In Experiment 1 observers were asked to indicate the location of the higher contrast patch; in Experiment 2 they had to indicate the location of the lower contrast pattern. The visual stimuli were identical in both experiments; any change in target selection was a consequence of the task instructions. Note that the task was not an eye movement task in itself. Observers had to make a perceptual discrimination and were free to move their eyes wherever they wished. In addition, observers had and took the opportunity to Wxate both patterns in the display. As such, they could have minimised their computational load and simply always look Wrst at whichever pattern triggered the largest internal response.
The very consistent diVerence in slopes of the oculometric functions obtained in the two experiments indicates that, in spite of these circumstances, the task instructions had a powerful inXuence over where observers decided to look Wrst. We formulated a simple model to derive quantitative weights of the contributions of the internal contrast response and the task demands. The fundamental idea of the model is that observers may Wxate an item for a variety of reasons: it may trigger the larger internal response, it may match what the observer set out to look for, or the observer may simply be responding at random. In this way, we estimated that the contribution of the task instructions was 2-3 times larger than that of the stimulus-driven factor. This Wnding is consistent with results from Pashler, Dobkins, and Huang (2004) who showed that luminance contrast could be eVectively used to guide covert attention in visual search. The current study extends these Wndings to the domain of overt selection.
We have found some evidence that the inXuence of the task instructions depended on the oculomotor strategy adopted by the observer. When observers Wxated only one pattern during the course of the trial, the Wxated pattern was likely to be the target of the perceptual response. When both patterns were Wxated, the target of the Wrst eye movement bore no relation to the outcome of the perceptual judgement. These diVerent eye movement patterns may reXect a continuum of available strategies to solve the perceptual task, ranging from a "look-then-decide" strategy at one extreme, to a "decide-then-look" strategy at the other extreme end. The former involves inspection of both patterns before making the perceptual decision; the latter involves forming a perceptual decision and then Wxating the chosen patch, perhaps to check the validity of the judgement.
By inserting a 200 ms gap before display onset on some trials, we successfully speeded up saccade initiation. In addition, the gap increased observers' overall tendency to make an eye movement. We were interested in potential interactions between the change in saccade latency and the pattern of target selection.
1 First, we hypothesised that signals related to the task demands may take more time to Wlter through to the saccadic system (Ludwig & Gilchrist, 2003; Theeuwes et al., 2000) , and would therefore manifest themselves more strongly in longer latency saccades. The overlap in the oculometric functions between the two Wxation point conditions (Fig. 2) does not accord with this hypothesis. Perhaps because luminance contrast is coded early on within the visual system, this is one dimension that 1 An alternative method to address this issue is to quantify the oculometric functions for diVerent parts of the latency distribution. For each observer the latency distributions were split on the basis of the median latency, separately for the gap and overlap trials before combining them into one group of "short latency" saccades and one group of "long latency" saccades. There was limited statistical evidence for diVerences in oculometric functions constructed for the short and long latency saccades, in terms of consistent diVerences in parameters of the short and long latency probit Wts. Nevertheless, there were some strong trends. Experiment 1: the long latency functions were generally more shallow and had higher intercepts. The test of parallellism failed in 6/7 cases, suggesting that a common slope was generally not a good description of each observer's set of oculometric functions. Experiment 2: the long latency functions were more steeply negative and had higher intercepts. The test of parallellism failed for all 6 observers, suggesting a common slope did not provide a satisfactory Wt. In the current experiment, one can think of a large number of factors that may introduce variability in saccade latencies: the presence of a central Wxation point, the direction of the saccade, the contrast of the test pattern, the oculomotor strategy adopted on a given trial, internal noise, and a range of possible sequential eVects from trial-to-trial. As such, we believe it is important to adopt an experimental manipulation of saccade latency that involves isolating one factor to investigate changes in choice across the various levels of that particular factor. This approach obviously limits the conclusions we can draw: we cannot say that choice is unaVected by latency (indeed the current analyses suggest this may not be the case), but we can say that latency variability introduced by manipulating the presence of the Wxation point does not aVect choice.
can be used very quickly and eVectively for task dependent guidance of the eyes.
Second, we anticipated short latency saccades to show an increased bias towards the low spatial frequency pattern. Low spatial frequency patterns are perceived to have higher contrast than high spatial frequency patterns at short exposure durations (Georgeson, 1987; Kitterle & Corwin, 1979) . The perceived contrast of suprathreshold low and high spatial frequency patterns converges over time. Perceived contrast is generally accepted as an index of the internal contrast response. Therefore, if the diVerence in saccade latency between the gap and overlap condition corresponds to a diVerence in visual processing time, saccade programming in the gap condition should have been based on a larger internal response to the low spatial frequency pattern. As a result, we would expect saccade target selection to be aVected. Again, our results did not support this hypothesis. We suggest that the variability in saccade latency that results from the Wxation point manipulation does not map onto variability in the integration period of early spatial Wlters that provide the oculomotor system with the relevant visual signals (Ludwig, Gilchrist, McSorley, & Baddeley, 2005) . In line with the neurophysiological Wndings, it is likely that the presence or absence of the Wxation point aVects the baseline activity level within oculomotor brain structures, such as the superior colliculus (Dorris & Munoz, 1995) . An increase in baseline activity makes saccade triggering more likely and faster (Reddi & Carpenter, 2000) . Importantly, this source of variability arises after the early Wlters have conveyed their responses to the saccadic system.
We conclude with some speculation concerning the mechanism through which the task instructions exert their powerful inXuence. Consider a display in Experiment 2 with a low contrast test patch. One way in which top-down signals could be incorporated in the saccade program is by boosting the weaker Wlter response directly. Another way is to boost the input from the weaker Wlter response at the level of the oculomotor system. The consequences are the same: the oculomotor activity associated with the low contrast pattern is increased. If this increase is large enough, lateral interactions within the saccadic motor map (Munoz & Istvan, 1998) would ensure the suppression of the stimulus-driven response.
